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Vegetative Clostridium difficile Survives in Room Air on Moist Surfaces
and in Gastric Contents with Reduced Acidity: a Potential Mechanism
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Proton pump inhibitors (PPIs) have been identified as a risk factor for Clostridium difficile-associated
diarrhea (CDAD), though the mechanism is unclear because gastric acid does not kill C. difficile spores.
We hypothesized that the vegetative form of C. difficile, which is killed by acid, could contribute to disease
pathogenesis if it survives in room air and in gastric contents with elevated pH. We compared the numbers
of C. difficile spores and vegetative cells in stools of patients prior to and during the treatment of CDAD.
We assessed the survival of vegetative cells on moist or dry surfaces in room air versus anaerobic
conditions and in human gastric contents, in pH-adjusted gastric contents, and in gastric contents from
individuals receiving PPI therapy. Stool samples obtained from patients prior to the initiation of antibiotic
treatment for C. difficile contained �10-fold more vegetative cells than spores. On dry surfaces, vegetative
C. difficile cells died rapidly, whereas they remained viable for up to 6 h on moist surfaces in room air.
Vegetative C. difficile cells had only marginal survival in gastric contents at low pH; adjustment to a pH
of >5 resulted in survival similar to that in the phosphate-buffered saline control. The survival of
vegetative C. difficile in gastric contents obtained from patients receiving PPIs was also increased at a pH
of >5. The ability of the vegetative form of C. difficile to survive on moist surfaces and in gastric contents
with an elevated pH suggests a potential mechanism by which PPI therapy could increase the risk of
acquiring C. difficile.

Clostridium difficile is the principal causative agent of noso-
comial diarrhea, causing a clinical spectrum of disease ranging
from mild diarrhea to life-threatening colitis (17), leading to an
increased length of hospitalization and an estimated $1.1 bil-
lion in health care costs annually (12). Disease transmission
occurs via the ingestion of Clostridium difficile by a susceptible
host, followed by intestinal colonization and toxin-mediated
diarrhea. This process is believed to be mediated by the spore
form of the pathogen. In addition to established risk factors,
such as exposure to antibiotics, age, and underlying disease
severity (13), several recent studies have reported an associa-
tion between proton pump inhibitors (PPIs) and nosocomial
(1, 3, 4, 32) or community-acquired (5) Clostridium difficile-
associated diarrhea (CDAD). Other recent studies dispute this
association (14, 15, 20, 22). The mechanism by which PPIs
contribute to an increased risk of CDAD is unclear, because
gastric acid does not kill C. difficile spores (21).

One potential explanation for the association between
CDAD and PPIs could be that the vegetative form of C. diffi-
cile, which is killed by acid, plays a role in pathogenesis. Veg-
etative forms, thought to die quickly in aerobic conditions,
cause infection in animal models and are shed in feces along
with spores (2, 8, 17). If the vegetative form survives on sur-

faces in room air, it could be ingested by patients. Suppression
of gastric acid production in these individuals may facilitate the
survival of the vegetative bacteria. Furthermore, Wilson et al.
demonstrated that spores germinate in the small bowel of
hamsters and suggested that the bile salts, normally found in
the duodenum, stimulate the transition of spores to vegetative
cells (31). Bile salts are also present in the gastric contents,
particularly among patients with gastroesophogeal reflux dis-
ease (19). As has been proposed by Dial et al., bile salts within
the stomach may stimulate C. difficile spore germination and
the reduced gastric acidity among patients taking PPIs may
facilitate the survival of the resultant vegetative bacteria (5).
We examined shedding of vegetative C. difficile cells in the
stools of patients with CDAD and survival of vegetative cells in
room air and tested the hypothesis that the vegetative form
may survive exposure to gastric contents with reduced acidity.

MATERIALS AND METHODS

Patients. The experimental protocol was approved by the Cleveland Veterans
Affairs Medical Center’s institutional review board. Patients with positive stool
cytotoxin assays were identified through the clinical microbiology laboratory, and
information regarding antibiotic treatment for CDAD was obtained by medical
record review. Samples of gastric contents were obtained from adult patients
with a nasogastric tube placed as a part of their hospital care. Informed consent
was obtained, and information regarding the use of PPIs was obtained by medical
record review.

Quantification of vegetative C. difficile cells versus spores in stool samples. We
performed alcohol shock to quantify the number of C. difficile spores and vege-
tative cells in clinical specimens (29). A small quantity of the stool (�200 mg)
from samples stored aerobically at 4°C for �48 h was brought into an anaerobic
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chamber (Coy Laboratories, Grass Lake, MI) and mixed with prereduced phos-
phate-buffered saline (PBS, pH 7.4) to form an emulsion, a portion of which was
subsequently diluted 1:1 with either PBS or 100% ethanol. Aliquots were re-
moved after 1 h, diluted serially in PBS, and plated onto prereduced cefoxitin-
cycloserine-fructose agar (7) containing 0.1% taurocholic acid (30) and 5 mg/liter
of lysozyme (28) for the enumeration of C. difficile cells. The plates were incu-
bated at 37°C in the anaerobic chamber for 24 to 48 h. The lower limit of
detection was �2.0 log10 CFU/ml.

C. difficile strains. Four Clostridium difficile isolates were studied. The isolates
of three strains were cultured from patients with CDAD in Cleveland and were
characterized by restriction enzyme analysis (REA) typing (courtesy of D. Ger-
ding). Two isolates (VA 17 and CC 20) were REA BI-type strains, and another
(VA 11) was an REA J-type strain. BI strains that have acquired increased
fluoroquinolone resistance have been associated with recent epidemics in North
America and Europe (14, 16), and J strains were associated with epidemics of
clindamycin-resistant C. difficile in the 1980s and 1990s and remain endemic in
many areas (9). The fourth isolate was American Type Culture Collection
(ATCC) strain ATCC 9689. The isolates were grown overnight in prereduced
cefoxitin-cycloserine-fructose broth to a final concentration of 107 to 108 CFU/
ml. The concentration of spores was determined by the alcohol shock method to
be less than 0.01% (data not shown). Spore stocks were made as described
previously and stored at 4°C until use (18).

Survival of vegetative C. difficile in room air. To test their viability in room air,
approximately 106 CFU of C. difficile spores or vegetative forms were inoculated
onto glass slides or plated onto both prereduced and nonreduced nutrient-free
agar. The glass slides or plates were removed from the anaerobic chamber to
room air at ambient temperature for a predetermined length of time before
being returned to the anaerobic chamber. C. difficile was recovered by applying
a cotton-tipped swab soaked in PBS with 0.1% taurocholic acid to the surfaces
and then streaking onto prereduced blood agar (Becton Dickinson BBL, Sparks,
MD). The plates were incubated at 37°C in the anaerobic chamber for 24 to 48 h,
and the growth of C. difficile assessed by using a semiquantitative scale: 1�, fewer
than 30 scattered colonies; 2�, 30 to 100 scattered colonies, few touching; 3�,
�100 crowded but distinct colonies; and 4�, lawn. Using this method, the lower
limit of detection is approximately 103 to 104 CFU/ml (data not shown).

Survival of vegetative C. difficile in gastric contents. Samples of gastric con-
tents were obtained from patients either taking no gastric-acid-suppressive
agents (n � 8) or taking a PPI (n � 8) and used within 2 h of collection or stored
at �20°C; preliminary experiments demonstrated similar results with fresh and
frozen samples (data not shown). C. difficile was not detected in any of the
gastric-content samples at baseline (data not shown). The survival of vegetative
C. difficile in unmodified gastric contents was assessed. To assess the impact of
pH on vegetative-cell survival, the pH of the gastric contents was adjusted by the
addition of concentrated HCl or NaOH. No adjustments were made to gastric
contents obtained from patients receiving PPIs. Approximately 105 CFU of
vegetative C. difficile was suspended in the gastric contents and incubated at 37°C
in the anaerobic chamber. Aliquots were removed after 1 h, serially diluted in
PBS, and plated onto prereduced blood agar for the enumeration of surviving C.
difficile cells. The plates were incubated at 37°C in the anaerobic chamber for 24
to 48 h. The lower limit of detection was 1.0 log10 CFU/ml. For comparison,
spores were treated in a similar fashion. The pH rose to approximately 7.4 when
aliquots were diluted in PBS for quantitative counts after incubation.

Statistical analysis. Statistical comparisons were calculated using Student’s t
test for two experimental groups and using a one-way analysis of variance for
three or more groups (Tools for Science—Statistics, http://www.physics.csbsju
.edu; Collegeville, MN). P � 0.05 was considered significant.

RESULTS

Quantification of vegetative C. difficile cells versus spores in
stool samples. The relative quantities of C. difficile vegetative
cells and spores in feces positive for cytotoxin were determined
by comparing samples diluted in PBS (vegetative and spore
forms) to those diluted in ethanol (spores only). Samples ob-
tained from patients prior to the initiation of antibiotic treat-
ment for C. difficile (n � 26) contained, on average, approxi-
mately 10-fold-more vegetative cells than spores (P � 0.001)
(Fig. 1). Fecal samples from patients who had initiated treat-
ment for CDAD (n � 16) yielded similar quantities of C.

difficile forms from the PBS- and ethanol-treated samples (P �
0.63), indicating the presence of primarily spores.

Survival of vegetative C. difficile in room air. With data to
suggest that vegetative C. difficile may be shed into the envi-
ronment, we next addressed the viability of these obligate
anaerobes in room air. Vegetative cells died within 15 min of
inoculation onto glass slides in room air or under anaerobic
conditions at 37°C, which corresponded with the drying of the
aqueous suspension used as a vehicle for transferring the bac-
teria. To test the hypothesis that the rapid death was due to
desiccation, similar experiments were performed on nutrient-
free agar. Vegetative C. difficile routinely survived for up to 3 h
in room air on both prereduced and nonreduced nutrient-free
agar, with some sporadic survival detected even at 12 h (Table
1). When incubated on nutrient-free agar inside the anaerobic
chamber, vegetative cells did not show a population decline for
12 to 24 h (data not shown). Spores survived in aerobic and
anaerobic environments for 24 h on glass slides and nutrient-
free agar.

Survival of vegetative C. difficile in gastric contents. Vege-
tative C. difficile cells incubated in unadjusted gastric contents
of patients not receiving acid-suppressive therapy (mean pH �
standard deviation [SD], 1.77 � 0.66) had minimal rates of
survival compared to that of those incubated in PBS (P �
0.0001) (Fig. 2). Reducing the acidity of gastric contents re-
sulted in a modest increase in the rate of survival of vegetative
C. difficile at pH 4 (P � 0.0001 versus rate of survival in
unadjusted gastric contents) and a substantial rate of survival
at pH 5 (P � 0.0001 versus rate of survival in gastric contents
at pH 4). The survival rates of the pathogen at pH 6 and 7 were
similar to that in PBS. C. difficile spores incubated in unad-
justed gastric contents for 3 h showed no difference in rates of
survival compared to the rate of survival in the PBS control
(mean � SD, 6.88 � 0.96 and 6.17 � 0.88 log10 CFU/ml,
respectively).

The survival of vegetative C. difficile in gastric contents ob-
tained from patients receiving PPIs increased as the pH rose
(Fig. 3). As was demonstrated in the experiments in which the

FIG. 1. Quantification of vegetative cells and spores (PBS) versus
spores alone (ethanol) in cytotoxin-positive feces obtained from pa-
tients untreated (n � 26) or while on treatment (n � 16) for CDAD.
Error bars indicate SDs. *, P � 0.001.
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pH of the gastric contents was adjusted, the rate of survival of
vegetative cells in gastric contents with a pH of �5 (mean �
SD, 2.73 � 1.41 log10 CFU/ml; n � 3) was significantly reduced
in comparison to the rate of survival in gastric contents with a
pH of �5 (mean � SD, 6.16 � 0.86 log10 CFU/ml; n � 5; P �
0.0001).

DISCUSSION

Spores are generally regarded as the major mode of trans-
mission of C. difficile because of their ability to persist for
months on environmental surfaces (11). The vegetative form of
C. difficile has not been considered important, in part because
previous work with a nonsporulating strain demonstrated
death within 15 min of exposure to room air on a dry glass
plate (2). Here, we show that four strains of vegetative C.
difficile remained viable on moist, but not dry, surfaces for up
to 3 h in room air, suggesting that the rapid death observed in
the previous study was due to desiccation (2). Our data suggest
that moist surfaces in hospitals may provide a suitable setting
for vegetative C. difficile to persist for several hours. Such
surfaces could include toilets and their immediate surround-

ings, sinks, food trays, beds, linens, moist dressings, and even
skin. While most work has appropriately examined environ-
mental contamination by spores, future studies to identify en-
vironmental contamination by vegetative C. difficile are indi-
cated.

We detected significant quantities of the vegetative form of
C. difficile shed in patient feces prior to the initiation of treat-
ment for CDAD. A study by Freeman and Wilcox demon-
strated that vegetative C. difficile remained viable for up to 56
days when inoculated into fecal emulsions buffered with PBS
and stored aerobically at 4°C (6). The ability of the vegetative
form to persist for several weeks in that study is unexplained
but may be related to cooler storage conditions, the buffering
of specimens with PBS, or an anaerobic microenvironment
created in the stool by other bacteria. In contrast, Weese et al.
found that the rate of recovery of C. difficile inoculated into
unbuffered equine fecal samples was reduced significantly
when the samples were stored aerobically versus anaerobically,
presumably due to loss of vegetative cells (27). Freeman and
Wilcox hypothesized that the buffering of the stool samples
might account for the more prolonged survival of vegetative C.
difficile in their study (6). In its vegetative form, C. difficile shed

TABLE 1. Survival of vegetative C. difficile on nutrient-free agara

Time (h:min)
ATCC 9689b VA 11 VA 17 CC 20

Aerobicc Anaerobicd Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic

0 4� 4� 4� 4� 4� 4� 4� 4�
0:15 4� 4� 4� 4� 4� 4� 4� 4�
0:30 4� 4� 4� 4� 4� 4� 3� 4�
1:00 3� 4� 4� 4� 4� 4� 2� 4�
2:00 4� 4� 4� 4� 4� 4� 3� 4�
3:00 2� 4� 4� 4� 3� 4� 1� 4�
6:00 4� 1� 4� 1� 4� 4�
9:00 4� 4� 4� 4�

a 1�, fewer than 30 scattered colonies; 2�, 30 to 100 scattered colonies, few touching; 3�, �100 crowded but distinct colonies; 4�, lawn.
b Strain of C. difficile.
c Room air at ambient temperature.
d Anaerobic chamber at 37°C.

FIG. 2. Survival rates of vegetative C. difficile after 1 h of exposure
to unadjusted gastric contents (GC), to gastric contents adjusted to pH
4 to 7, or to PBS. Pooled data from four strains of C. difficile are shown.
Gastric contents that were grossly bilious were excluded. Error bars
indicate SDs. *, P � 0.0001 versus survival rate in gastric contents at
pH 4; †, P � 0.0001 versus survival rate in gastric contents at pH 5; ‡,
P � 0.0001 versus survival rates in gastric contents at pH 6 and 7 and
in PBS.

FIG. 3. Survival rates of vegetative C. difficile after 1 h of exposure
to gastric contents (GC) from individuals taking PPIs. Results for
individual donors are arranged by increasing pH of gastric contents.
Pooled data from four strains of C. difficile are shown. Error bars
indicate SDs. An asterisk denotes a grossly bilious sample.
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in the stools of untreated patients may persist for several hours
on moist surfaces, long enough, potentially, to be transmitted.

Our finding that vegetative C. difficile survived exposure to
gastric contents if the pH was greater than or equal to 5
suggests two potential mechanism by which PPIs could con-
tribute to the pathogenesis of CDAD. First, individuals receiv-
ing acid-suppressive therapy would be particularly susceptible
because reduced acidity would allow the organisms to survive
exposure to stomach contents. A previous study examining
gastric contents from a patient with pernicious anemia also
demonstrated survival of vegetative C. difficile at a pH of �5
(8). Second, other investigators have proposed a mechanism by
which PPIs could facilitate colonization by spores (3, 5, 32).
Spores are highly resistant to acid, and it has been suggested
that suppression of gastric acid is unlikely to impact upon the
natural course of infection due to ingested C. difficile spores
(20). However, if ingested spores germinate in the stomach,
the newly emerged vegetative forms may survive in gastric
contents with a higher pH, leading to increased numbers of
actively dividing C. difficile cells reaching and colonizing the
intestinal tracts of susceptible individuals. Our data demon-
strate that suppression of gastric acid would permit the survival
of germinated C. difficile cells. This finding is consistent with
the results of other studies correlating reduced acidity (pH �
3) and increased bacterial growth in gastric contents from
people taking PPIs (10, 23, 25, 26). Because conditions in the
stomach are not as anaerobic or reduced as in the colon, the
ability of vegetative C. difficile to survive under aerobic condi-
tions could also facilitate the survival of germinated spores in
the stomach.

Neither the timing of nor the signals triggering C. difficile
spore germination, particularly after ingestion, are well under-
stood. In their seminal work using a hamster model, Wilson
et al. demonstrated that within 1 h of intragastric administra-
tion, nearly 80% of C. difficile spores had germinated, with the
majority of organisms detected in the small intestine (31). They
suggested that germination occurred in the small intestine of
hamsters upon exposure to bile salts. It is notable that bile salts
are commonly detected in the esophageal aspirates of patients
with gastroesophogeal reflux disease (19), a common malady,
with 4 to 7% of the adult patients experiencing daily symptoms
(24). If bile salts within gastric contents stimulate germination,
the resultant vegetative form of C. difficile will be more likely to
survive and cause infection in individuals receiving PPI therapy
for gastroesophogeal reflux disease. In this study, while we did
not specifically assay for the presence of bile acid in gastric
contents, two grossly bilious samples were among the eight
samples collected from patients with nasogastric tubes taking
PPIs. Notably, bile salts stimulate C. difficile germination in
vitro, an interesting characteristic that we are currently inves-
tigating (30).

In summary, we found that the vegetative form of C. difficile
was shed in feces in significant quantities prior to the initiation
of treatment for CDAD and remained viable in room air on
moist surfaces and in gastric contents with elevated pH. Future
work is needed to examine the survival of vegetative C. difficile
in the hospital environment and to assess the germination of
spores in gastric contents, including the potential role of bile
acids.
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